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Abstract 
Proton Exchange Membrane Fuel Cell is considered a key device in the hydrogen economy which is a promising energy carrier 
alternative for the fossil fuels. This paper approaches the problem of membrane conductivity in a PEM fuel cell which influences 
the major part of the voltage/current polarization curve of the cell. The control of conductivity is essential for stable operation 
and good performance of the cell. We propose an adaptive 2DOF controller in order to obtain certain control performances for 
membrane conductivity management. The controller is implemented with 2 PID structures and an adaptation rule which is based 
on gain-scheduling method. We have determined the controllers’ coefficients and the gain-scheduling change points. Our 
simulated results show good disturbance rejection while conductivity is maintained at desired level. 
© 2013 The Authors. Published by Elsevier B.V. 
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1. Introduction  
The Proton Exchange Membrane Fuel Cell (PEMFC) is considered a key device in the so-called “hydrogen based 
energy system” which is a promising alternative to the current fossil fuels based energy system. In the PEMFC, 
hydrogen (H2) reacts with oxygen (O2) producing electrical energy, heat and water. This is an environment friendly 
solution for the current greenhouse carbon dioxide emissions and if it will be adopted on large scale will have a 
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dramatic positive impact on the climate. Although it is still at high cost, PEMFCs stacks up to 150kW [1,2] are 
available now commercially for three main domains: transportation, stationary power generation and portable power 
generation.  
Analyzing closely the PEMFC, one will notice that this is an electrochemical device in which take place 
simultaneously a combination of electrical and thermodynamic processes. One particular process in PEMFC is the 
water transport across the membrane which influences directly and in a nonlinear manner the conductivity of the 
proton exchange membrane. The conductivity of the membrane is the key factor that determines the performance of 
the cell in a range of current density from approx. 20% to 80 % of the maximum current density. Such nonlinear 
correlation requires control algorithms that can deal with parameter variation. This paper approaches the problem of 
membrane conductivity control in a PEM fuel cell from an adaptive control perspective. 
 
Nomenclature 
Vcell voltage of the cell, V 
Er,T,P equilibrium potential of the cell, depending on temperature and pressure, V 
Vact activation voltage loss, V 
Vohm ohmic voltage loss, V 
Vconc concentration voltage loss, V 
R gas constant, 8.314 J ∙ mol-1 ∙ K-1 
T temperature of the cell, K 
α transfer coefficient, between 0.2 - 2 [3] 
F Faraday’s constant, 96485 C ∙ mol-1 
iloss current loss density, A∙ cm-2 
i0  reference exchange current density, A∙ cm-2 
iL limiting current density, A∙ cm-2 
i cell current density, A∙ cm-2 
n number of electrons involved in reaction,  2 
PH2 hydrogen partial pressure, N∙m-2 
PO2 oxygen partial pressure, N∙m-2 
PH2O water vapor pressure, N∙m-2 
∆H enthalpy variation, kJ ∙ mol-1 
∆S entropy variation, kJ ∙ mol-1 ∙ K-1 
Ri membrane internal resistance, Ω ∙ cm-2  
σp proton conductivity, S∙cm-1 
T absolute temperature, K 
λ the water content of the membrane expressed as ratio between the number of molecules H2O and number of 
molecules of SO3H, - 
pv water vapor pressure at the interface of an electrode and membrane, Pa 
psat saturated water vapor pressure at that operating temperature, Pa 
nd(λ) water drag coefficient due to electro-osmotic transport, -  
dcw water concentration gradient along the z direction (through membrane)  
D(λ) the diffusion coefficient, cm2/s 
߮௠ imposed phase margin, input parameter for pidtune command from Matlab 
߱௧஺ crossover frequency with 0 dB gain for KA controller, input parameter for pidtune command from Matlab 
߱௧஼  crossover frequency with 0 dB gain for KC controller, input parameter for pidtune command from Matlab 
2. The PEM fuel cell 
The PEM fuel cell is an electrochemical energy converter and its operation is based on the following two 
reactions happening simultaneously: 
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Anode: ܪଶ ՜ ʹܪା ൅ ʹ݁ି  (1) 
Cathode: ଵଶܱଶ ൅ ʹܪା ൅ ʹ݁ି ՜ ܪଶܱ  (2) 
The PEMFC is composed of the following components as shown in Fig. 1: Anode Plate, Anode Gas Diffusion 
Layer, Anode Catalyst Layer, Proton Exchange Membrane, Cathode Catalyst Layer, Cathode Gas Diffusion Layer 
and Cathode Plate. From Anode side, the hydrogen enters through the anode gas diffusion layer (GDL) and reaches 
the anode catalyst layer (CL). Here, in the presence of the catalyst (usually, the Pt loading of the CL is around 0.3 
Ptmg/cm2 [4]), hydrogen separates from its electron and travels through the proton exchange membrane on the other 
side as proton H+. Meanwhile, the electron is transferred through the load towards the cathode plate where it reaches 
the cathode GDL.  
 
Fig. 1. Proton Exchange Membrane Fuel Cell schematic representation 
Oxygen molecules, O2, which are present in the cathode GDL, due to the presence of catalyst on cathode side, 
they separate into individual oxygen atoms and further a combination reaction takes place. One oxygen atom and 
two H+ protons with a couple of electrons coming through the load, they form an H2O water molecule. During this 
reaction, an electromotive force is exhibited with respect to the load and heat is released in the environment. 
The most widely used method to describe the performance of the PEMFC is the voltage-current polarization 
curve. Fig. 2 presents the curve of our implemented model. This curve is similar with other polarization curves 
reported widely in the literature [5,6], the only differences being with respect to actual values due to various 
constructive configurations.  
As in [6], the PEMFC polarization curve is determined by equation (3) and (4): 
௖ܸ௘௟௟ ൌ ܧ௥ǡ்ǡ௉ െ ோ்ఈி ݈݊ ቀ
௜ା௜೗೚ೞೞ
௜బ ቁ െ ௢ܸ௛௠ െ
ோ்
௡ி ݈݊ ቀ
௜ಽ
௜ಽି௜ቁ (3) 
Equation (3) indicates that the voltage of the cell Vcell is given by the cell theoretical equilibrium potential Er,T,P, 
which depends on the cell temperature and pressure [6], on which activation voltage, Vohm and concentration voltage 
losses apply in accordance with equations (3) and (4). The activation voltage loss contributes to the cell voltage drop 
mainly at low current densities, from 0 to 0.1 A/cm2, while the ohmic voltage loss Vohm contributes to the voltage 
drop in most of the range of current densities, from 0.1 to 0.8 A/cm2. 
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௢ܸ௛௠ ൌ ܴ݅௜  (4) 
From 0.8 to 1.0 A/cm2, the concentration voltage loss influences predominantly the cell voltage. In practice, in 
order to maximize the power density while maintaining a certain efficiency and reliability, PEMFC units are 
operated with current densities between 20% up to 80% of iL on the portion of the polarization curve which is mostly 
influenced by the ohmic voltage loss. 
 
Fig. 2. PEM fuel cell voltage/current polarization curve, ErTP – cell equilibrium potential, Vact – activation voltage, Vohm – ohmic voltage, 
Vconc – concentration voltage, Vcell – cell voltage, Icell – cell current density, (PH2 = 1 bar, PO2 = 0.21 bar, T = 25˚C, i0 = 0.001 A/cm2, α=1) 
[13] 
In accordance with equation (4), the ohmic voltage loss is determined by the internal resistance of the membrane 
Ri, more precisely by the specific electrical resistivity or conductivity of the unit surface of the membrane. The 
conductivity of the unit surface of the membrane is depending on the water content and temperature of the 
membrane as it can be seen from equation (5) [7]. 
ߪ௣ ൌ ሺͲǤͲͲͷͳ͵ͻ ή ߣ െ ͲǤͲͲ͵ʹ͸ሻ݁ݔ݌ ቂͳʹ͸ͺ ቀ ଵଷ଴ଷ െ
ଵ
்ቁቃ (5) 
Further, in [8] λ is approximated as a function of the ratio between the water vapor pressure and saturated water 
vapor pressure in accordance with equation (6). 
ߣ ൌ ͲǤͲͶ͵ ൅ ͳ͹Ǥͳͺ ௣ೡ௣ೞೌ೟ െ ͵ͻǤͺͷ ቀ
௣ೡ
௣ೞೌ೟ቁ
ଶ ൅ ͵͸ ቀ ௣ೡ௣ೞೌ೟ቁ
ଷ
 (6) 
Equation (6) indicates the water content in the interface regions, but doesn’t indicate the water content inside the 
membrane nor the dynamics of the water transport within the membrane. Literature [9,10,11] indicates three 
phenomena that occur simultaneously during PEMFC operation: the electro-osmotic drag, the back-diffusion and 
hydraulic permeation. Based on the relations presented in the above mentioned literature, the following equations are 
developed in [12]: 
ܰ݁ݐܹܽݐ݁ݎܨ݈ݑݔ ൌ ݀ ுܰଶைǡோ் ൌ ݀ ுܰଶைǡாை஽ െ ݀ ுܰଶைǡ஻஽ ൌ ߙ ௜ி ൌ ݊ௗሺߣሻ
௜
ி െ ܦሺߣሻ
ௗ௖ೢ
ௗ௭  (7) 
which leads to 
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ߙ ൌ ݊ௗሺߣሻ െ ி௜ ܦሺߣሻ
ௗ௖ೢ
ௗ௭   (8) 
Overall, various combinations of temperature and water vapor pressures will lead to α positive or negative 
depending on which mechanism is predominating in that particular context: electro-osmotic drag or back-diffusion. 
Literature [9,10,11] reports both situations. 
3. PEM conductivity analysis  
Equations (5) and (6) are nonlinear and depend on two inputs: temperature and water vapor partial pressure. In 
order to approach the conductivity control problem, it would be useful to examine the evolution of the conductivity 
with respect to the evolution of the above mentioned inputs. Fig. 3 presents the computed results of the conductivity 
variation at temperatures of 30˚C and 80˚C and various couples of water vapor pressures.  
      
Fig. 3. PEM conductivity as function of water vapor partial pressures at anode and cathode: a) T=30˚C, water vapor pressures from 500Pa to 
4200Pa; b) T=80˚C, water vapor pressures from 2000Pa to 47000Pa. 
We observe the nonlinear evolution at both temperature, but with some similarities in terms of shape. The range 
in which pressures can vary for the same conductivity variation is significantly smaller at 30˚C than at 80˚C. 
Furthermore, the control domain of conductivity and the set of possible control trajectories (the surface from the 
charts above) change. However, due to the role of the PEMFC as power supply, one is interested in having the 
conductivity as high as possible, consequently we may consider of interest for control purposes only the surface 
portion where the conductivity is higher than 0.05 S/cm which would give us an acceptable unit surface resistance 
higher than 0.25 Ω/cm2 for a membrane Nafion 117 with 127 μm thickness. 
Based on this, we will consider a control range for the water vapor pressures between a minimum value from 92% 
(at 30˚C) varying towards 78% (at 80˚C) and a maximum value of 95% (at all temperatures). The maximum value is 
kept at 95% to avoid the risk of condensation due to lack of accuracy of the relative humidity sensors.   
4. Proposed adaptive control strategy 
In [13], we have presented a control scheme for the conductivity for the situation when the temperature is 
maintained constant. The controllers have been implemented as PIDs and simulated results show that disturbance 
due to large current density variation is eliminated and conductivity is maintained. However, with regular PIDs any 
desired performance is guaranteed only for the situation for which the PIDs have been tuned. Consequently, we 
believe that an adaptive control strategy should be implemented in order to face the parameters nonlinear variation 
with respect to the temperature. 
First, we implemented equations (3) – (8) in Matlab/Simulink in order to observe the behavior of the system. 
Also, we implemented the equivalent tanks of anode and cathode reactants circuits. These behave as integrators 
having an integration constant given by (RT/V) derived from the well-known ideal gas law (in our case, V=0.001 
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m3). Further, we have linearized the model in seven points for temperatures between 20˚C and 80˚C using Bode Plot 
Simulink block and identified the transfer functions at various temperatures.  
Table 1 Points of temperature and pressures considered for model linearization 
P T(˚C) PW,A(Pa) PW,C(Pa) 
9 20 2216 2216 
10 30 4020 4020 
11 40 6999 6999 
12 50 11728 11728 
13 60 18994 18994 
14 70 29828 29828 
15 80 45050 45050 
 
Comparing those transfer functions, we observed that they vary from one temperature to another due to the 
variation of the integration constant from above. The transfer functions obtained are shown in Table 2 and Table 3. 
Table 2 General transfer functions from dNH2O,A,CT to σp and dNH2O,C,CT to PW,C 
I/O Transfer function  
 dNH2O,A,CT -> σp ܪ௦௜௚௠௔ǡௗேுଶைǡ஺ǡ஼்ሺݏሻ ൌ
ܾଵଷݏଷ ൅ ܾଵଶݏଶ ൅ ܾଵଵݏ ൅ܾଵ଴
ݏହ ൅ ͲǤͻݏସ ൅ ͲǤʹͶݏଷ ൅ܽଵଵݏଶ ൅ܽଵ଴ݏ 
(1) 
dNH2O,C,CT -> PW,C ܪ௉ௐǡ஼ǡௗேுଶைǡ஼ǡ஼்ሺݏሻ ൌ
ܾଶସݏସ ൅ܾଶଷݏଷ ൅ ܾଶଶݏଶ ൅ܾଶଵݏ ൅ܾଶ଴
ݏହ ൅ ͲǤͻݏସ ൅ ͲǤʹͶݏଷ ൅ܽଶଵݏଶ ൅ܽଶ଴ݏ 
(2) 
Table 3 Coefficients of transfer functions (1) and (2) at different temperatures 
P ܾଵଷ ܾଵଶ ܾଵଵ ܾଵ଴ ܽଵଵ ܽଵ଴ 
ܾଶସ 
ή ͳͲ଺ 
ܾଶଷ 
ή ͳͲ଺ 
ܾଶଶ 
ή ͳͲହ 
ܾଶଵ 
ή ͳͲସ ܾଶ଴ ܽଶଵ ܽଶ଴ 
9 8.015 5.61 0.8015 0.0803 0.0300 0.00200 2.473 2.193 5.849 6.336 2922 0.0300 0.00200 
10 5.267 3.687 0.5267 0.0395 0.0274 0.00149 2.520 2.268 6.049 6.126 2171 0.0274 0.00149 
11 3.573 2.501 0.3573 0.0205 0.0257 0.00114 2.603 2.343 6.248 6.040 1667 0.0257 0.00114 
12 2.494 1.746 0.2494 0.0112 0.0244 0.00089 2.687 2.418 6.448 6.031 1315 0.0244 0.00089 
13 1.786 1.250 0.1786 0.0064 0.0235 0.00071 2.770 2.493 6.648 6.071 1062 0.0235 0.00071 
14 1.309 0.916 0.1309 0.0038 0.0229 0.00057 2.853 2.568 6.847 6.143 875 0.0229 0.00057 
15 0.979 0.686 0.0979 0.0023 0.0224 0.00047 2.936 2.642 7.047 6.239 733 0.0224 0.00047 
 
Examining the variation of various corresponding coefficients, we observe monotone evolution and consequently, 
we will develop an adaptive control strategy using direct gain scheduling technique. Considering the PID controllers 
proposed in the previous control strategy, we will tune the controllers for the points P9 – P15 using the pidtune 
command in Matlab imposing a certain phase margin [14]. The results are presented in Table 4. Based on the values 
presented in this table, we extend the control scheme presented in [13] as shown below in Fig. 4. 
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Fig. 4. PEM conductivity adaptive control schematic with PIDs direct gain scheduled coefficients as function of the temperature 
   Table 4 PID controllers tuning parameters ߮௠, ߱௧஺, ߱௧஼, and gain coefficients for point P9 – P15 
P ߮௠ ߱௧஺ ܭ௉஺ ܭூ஺ ܭ஽஺ ஺ܰ ߱௧஼ ܭ௉஼ ܭூ஼ 
9 50 5.63 2.65 0.256 0.530 10 10.26 3.22e-6 2.78e-5 
10 50 5.63 4.03 0.389 0.807 10 10.26 3.12e-6 2.68e-5 
11 50 5.63 5.94 0.574 1.190 10 10.26 3.02e-6 2.60e-5 
12 50 5.63 8.51 0.822 1.700 10 10.26 2.93e-6 2.52e-5 
13 50 5.63 11.90 1.150 2.380 10 10.26 2.84e-6 2.44e-5 
14 50 5.63 16.20 1.570 3.250 10 10.26 2.75e-6 2.37e-5 
15 50 5.63 21.70 2.090 4.340 10 10.26 2.68e-6 2.30e-5 
 
Simulated results show that the control schematic regulates successfully the conductivity following properly the 
reference programmed by the RHC,REF programmer block. 
5. Conclusions 
An adaptive 2DOF control schematic has been developed to maintain PEM conductivity at a desired level. The 
control strategy is implemented using 2 PIDs with direct gain scheduling of the controllers’ coefficients as function 
of the temperature. In order to verify the performance of this control scheme, we have implemented physics 
equations based models for the membrane and electrodes’ volume in Matlab. The simulated results have shown that 
the water vapor pressures are controlled properly and the conductivity is stable with respect to density current 
variations. Further work will approach the robust analysis of the conductivity observer control loop and robust 
controller synthesis.  
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Fig. 5. Simulated results for PEM conductivity adaptive control schematic under various temperatures and current densities 
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